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Introduction
Flow detachment and reattachment processes are common in hydraulic engineering; examples are flows over lateral expansions (Abbott and Kline 1962, Chu et al. 2004) , flows over groynes (Uijttewaal et al. 2001 , Yeo et al. 2005 or flows in tanks (Frey et al. 1993 , Stovin and Saul 1994 , Oca et al. 2004 , involving generally flows with sudden geometric variations. This study focuses on turbulent free-surface flows in rectangular shallow reservoirs in the context of reservoir sedimentation (Garde et al. 1990) . Since the flow primarily controls sedimentation, the knowledge of its pattern is a prerequisite for determining the spatial distribution of deposits, to well define a sediment removal strategy for a reservoir.
It is assumed that the flow is governed by nine parameters, namely L ¼ length of reservoir, DB ¼ lateral expansion, b ¼ widths of inlet and outlet channels, h ¼ flow depth, U ¼ mean depth-averaged velocity, t ¼ bed shear stress, r ¼ water density, m ¼ water viscosity and g ¼ gravitational acceleration. Using dimensional analysis (Langhaar 1951) , these variables involving time, mass and length unities can be reduced to six dimensionless parameters: lateral expansion ratio DB/b, dimensionless length L/DB, dimensionless flow depth h/DB, Froude number
, Reynolds number R ¼ 4rUh/m and bed friction number c f DB/2h. Here, c f ¼ 2t/rU 2 ¼ bed friction coefficient, estimated using a "Colebrook" formula, as recommended by the ASCE Task Force (e.g. Henderson 1966 ). Abbott and Kline (1962) demonstrated that the recirculation zones at each side of double-lateral expansions were equal in length for an expansion ratio lower than 0.25 (symmetric flow with two reattachment points) but different in length for an expansion ratio larger than 0.25 (asymmetric flow with two reattachment points). Kantoush (2008) noted that decreasing the dimensionless length (from 3.2 to 2.7) induced a transition from asymmetric flow to symmetric flow without any reattachment. Based on his test data and additional numerical simulations, several attempts were made to define a criterion for predicting the flow pattern in rectangular shallow reservoirs, from the simplest length to breadth ratio (Kantoush 2007 ) to more complex criteria involving reservoir length, its width (eventually the lateral expansion) and the inlet channel width (Dewals et al. 2008 , Dufresne 2008 , Kantoush 2008 . However, the relatively few conditions investigated raise the question of the general validity of these criteria.
When decreasing the dimensionless flow depth (but increasing F at the same time), Kantoush (2008) indicated that the flow was not steady anymore but starts to meander. This behaviour is similar to the observations of Giger et al. (1991) on plane turbulent jets in shallow water and those of Chen and Jirka (1995) on turbulent wakes generated by two-dimensional (2D) bodies in shallow water.
Several studies indicate that the length of the recirculation zone over unilateral expansions depends only on the lateral expansion for small values of the bed friction number; for large values, however, the reattachment length depends only on a friction length scale (Babarutsi et al. 1989 , Babarutsi and Chu 1991 , Chu et al. 2004 . Abbott and Kline (1962) claimed that the flow pattern was not sensitive to the Reynolds number R, provided that the flow is fully turbulent upstream of the expansion. Casarsa and Giannattasio (2008) showed that the effect of R on the shorter recirculation length is not completely negligible. As the present study only focuses on fully turbulent flows, transitions from symmetric to asymmetric flows encountered at small R are not further considered (e.g. Cherdron et al. 1978 , Fearn et al. 1990 , Maurel et al. 1996 .
To the authors' knowledge, the effect of F on the flow pattern has never been thoroughly studied. Only Kantoush (2008) carried out one test, decreasing F from 0.10 to 0.05 while keeping constant the dimensionless flow depth. His results did not highlight any significant effect of this parameter.
The aim of this study is firstly to describe the flow patterns encountered in rectangular shallow reservoirs, secondly to investigate the effects of the lateral expansion ratio, dimensionless length, dimensionless flow depth and Froude number, provided that the Reynolds and the bed friction numbers are high and low, respectively, so that they do not significantly influence the flow pattern. Thirdly, predictive criteria for the flow patterns are determined. This work therefore consists of an extension of results available in terms of lateral expansion ratio, and dimensionless length, adding original investigations on the effects of dimensionless flow depth and Froude number.
Experimental investigation

Experimental set-up
The tests were carried out at the laboratory of engineering hydraulics, University of Liège, Belgium. The experimental Dufresne et al. Journal of Hydraulic Research Vol. 48, No. 2 (2010) set-up shown in Fig. 1 consisted of a 10.40 m long and 0.985 m wide glass channel in which blocks were arranged to reproduce various geometries of rectangular reservoirs. The flume base was horizontal. The flow entered the channel from a stilling basin through a porous screen to prevent fluctuations in water level and make the velocity field uniform. The flow was then contracted to the inlet channel width b along a converging section of circular shape. The reservoir inlet section with straight parallel walls was 2.00 m long. At reservoir entrance, the flow abruptly expanded to the reservoir width B ¼ b + 2DB. At the reservoir exit, the flow then suddenly contracted to the outlet channel width b, whose length was 1.00 m; its downstream control involved a gate and a waterfall. All surfaces were made of glass, except for the two parallel PVC walls of the inlet and outlet channels and the converging section made of metal sheet. To vary the lateral expansion ratio, blocks of DB ¼ 0.250 and 0.350 m were used, and an additional glass wall was placed along one flume wall for selected tests to reduce the reservoir width from B ¼ 0.985 m to 0.780 m. Discharge was measured with an electromagnetic flowmeter upstream of the flume and with a triangular weir downstream of the waterfall. The reservoir flow depth was measured axially with a level metre downstream of the reservoir entrance and 0.10 m upstream of the reservoir exit. The maximum difference between the two values was 0.002 m. Therefore, only the upstream value is reported below. The range of test conditions is given in Table 1 ; "typical transition values" refer to these investigated as the horizontal geometry was varied to define the transition between symmetric and asymmetric flows. The water temperature was between 188C and 208C. To check reproducibility, all tests for which the flow was stable were repeated. The tolerance in the reservoir dimensions was about +0.0025 m. The uncertainty was about +0.001 m in flow depth and about +0.005 m/s in velocity, except for low flow depths of h ≈ 0.050 m and the narrow inlet channel of b ¼ 0.080 m for which it was up to +0.02 m/s. Detailed test conditions and results are available on request (Dufresne 2009 ).
Flow tests
Visual investigations employing dye injection indicated the flow patterns: symmetry or asymmetry, number of circulation zones and approximate locations of reattachment points. Because of the wake zone located downstream of the reservoir entrance, successive dye injections were generally needed to describe a "mean" behaviour.
The reattachment length is defined as the distance from the beginning of the lateral expansion to the location upstream of which the longitudinal velocity is negative (from downstream to upstream) and downstream of which the longitudinal velocity is positive (from upstream to downstream). To the knowledge of the authors, only the median position has been reported in the literature, using, for example, visualization of the displacement of confetti on the water surface (Babarutsi et al. 1989 , Babarutsi and Chu 1991 , Chu et al. 2004 . Only Abbott and Kline (1962) characterized fluctuations of the reattachment lengths by carrying out a large number of tests. Herein, these fluctuations are characterized by determining the velocity distribution along the wall near the median reattachment point. This information is crucial since a strong unsteadiness is likely to cause resuspension of deposits over a large area. Once the reattachment point had been roughly located by dye visualization, the method consisted in injecting drops of dye with a syringe against the wall near the reattachment point at various stream-wise locations x. At each point, 100 drops of dye were injected at a frequency of one drop per 2 s; for each drop, the flow direction was observed by eye at the syringe exit. A dye displacement from upstream to downstream corresponded to a positive velocity, whereas a displacement from downstream to upstream to a negative velocity. The number of injected drops and the duration of measurement (100 times 2 s) were selected after preliminary tests to ensure a statistically significant result. As the present objective was to study deposits, the reattachment lengths were measured 0.04 m above the reservoir bottom. A "reasonable" two-dimensionality of the flow was checked by dye visualization.
A 95% confidence interval of the proportion of negative velocities was calculated using a small sample method to estimate the "uncertainty" of each measurement (Wonnacott and Wonnacott 1977) . The 95% confidence intervals of the median reattachment lengths were determined using interpolations of the upper and lower bounds of the confidence intervals between locations for which the proportions are closest to 50%.
Additional information concerned the reattachment lengths fit by a normal distribution. By minimizing the sum of the differences between measured and normal proportions in square, its mean m i , and the standard deviation, s i , of a Gaussian distribution were determined. All the test results are available on request (Dufresne 2009 ).
Results
Flow patterns
Dye visualizations highlighted five different flow patterns (Fig. 2) . For short reservoirs, the flow follows a symmetric behaviour S0, with a straight jet from the reservoir entrance to the exit, forming two symmetric circulation zones along either jet side (Fig. 2d) .
Symmetry disappears by increasing dimensionless reservoir length, resulting in pattern A1. The jet is deflected on either reservoir side, depending on test conditions. It reattaches the wall after a distance R 1 , leading to the formation of a large circulation zone (Fig. 2c) . A smaller circulation zone occurs upstream of the reattachment point.
For intermediate dimensionless reservoir lengths, the flow does not stabilize despite steady boundary conditions, fluctuating Journal of Hydraulic Research Vol. 48, No. 2 (2010) Classification of flow patterns 199 between the symmetric (S0) and asymmetric (A1) flow patterns. These fluctuations were not periodical and appeared to be completely random. This flow pattern is denoted by A1/S0. Even if the flow was unsteady in this situation, it differed from the meandering jet with a periodic behaviour, as observed by Kantoush (2008) , by decreasing the flow depth near the transition between symmetric and asymmetric flows. Increasing again the dimensionless reservoir length, the flow still remains asymmetric with pattern A2 (Fig. 2b) . As for the pattern A1, the flow reattaches on one reservoir side at distance R 1 but further on the opposite wall at distance R 2 . The flow was then fully reattached in the reservoir downstream zone.
For long reservoirs, decreasing the dimensionless flow depth eventually led to the formation of a third recirculation zone. The flow then detaches from the wall of the first reattachment at distance D 1 from the reservoir entrance. This third asymmetric pattern is denoted by A3 (Fig. 2a) . The abscissa is the ratio of distance from the upstream face to the lateral expansion. Using Fig. 3 , the median reattachment length and the fluctuations range of the reattachment length may be determined. For example, the median value of the dimensionless reattachment length R 1 is between 3.31 and 3.46 at a confidence level of 95%. Using the normal distribution, one can also extract that the dimensionless reattachment length was between about 3.01 and 3.74 during 80% of the time; it was smaller than 3.01 during 10%, and larger than 3.74 during 10% of the time. Vol. 48, No. 2 (2010) A comparison with the results obtained for the second reattachment length for the same Test F4-c highlights the different nature of the two reattachment lengths. Whereas the first was almost steady with s 1 /DB ¼ 0.29, the second was highly unsteady with s 2 /DB ¼ 6.0 (Dufresne 2009 ). Therefore, the second reattachment length fluctuated over a longer distance on the reservoir wall. For example, the dimensionless reattachment length was smaller than 10.6 during 10% of the time, whereas the median value was 18.3. An increase of the median reattachment length also induces an increase of the natural varia-
Unsteadiness of reattachment
, when compared with 6.0 and 18.3 for Test F4-c, respectively.
The effects of dimensionless flow depth, Froude number, lateral expansion ratio and dimensionless length on the median reattachment lengths were investigated for the asymmetric flow patterns. This investigation mainly focused on the first reattachment length and only few tests were conducted on the second because of the generally large "characteristic time". For the same reason, detachment lengths were not measured precisely.
Influence of dimensionless flow depth
The effect of dimensionless flow depth on the first reattachment length was investigated for "long" reservoirs (DB/b ¼ 20.0 and 28.0) at F ≈ 0.20 (Fig. 4) . As the dimensionless flow depth is increased, the first median reattachment length decreases until reaching a minimum level (dotted lines). The threshold of dimensionless flow depth above which the median reattachment is constant is around 0.8. Moreover, it was noticed that all reattachment lengths were almost constant if the dimensional flow depth was larger than ≈0.200 m; therefore, only this value was used below.
Effect of Froude number
The Froude number was investigated in the range 0.05 ≤ F ≤ 0.40 for a lateral expansion ratio of 1.23 and a dimensionless length of 20.0. The tests were limited by the measurement validity of the reattachment lengths using dye visualization, because this method cannot be used if the flow is too fast, and by the discharge inaccuracy below 1.5 l/s. From Fig. 5 , the dimensionless median reattachment length increases by decreasing F (despite intuitively the opposite is expected). Comparison between F of 0.20 and 0.10 indicates that the curve of dimensionless median reattachment length versus dimensionless flow depth is translated downward as F increases, with the mean difference of 0.34. Whereas a similar reduction is observed for the single test condition at F ¼ 0.40, the results obtained at F ¼ 0.05 are close to those obtained at F ¼ 0.10, except near the dimensionless flow depth of 0.60. Therefore, no conclusion can be drawn for F ≤ 0.10.
Effect of lateral expansion ratio
The results obtained for "long" reservoirs with DB/b ¼ 20.0 and 28.0, "high" flow depths .0.200 m and F ≈ 0.20 are now considered. The natural logarithm of R 1 is plotted as a function of the natural logarithm of the lateral expansion ratio in Fig. 6 (black points), suggesting a linear relationship. The first median reattachment length can be expressed for lateral expansion ratio in the range 0.52 -4.38 and F ≈ 0.20 as
Assuming the same power law and the same values of powers by modifying the Froude number, the value 3.43 should be replaced by 3.79 if F ≈ 0.10. Using limited test data on the second reattachment length and assuming the same type of power law, the second median reattachment length R 2 can be expressed for F ≈ 0.20 as
From Eqs (1) and (2), the width of the inlet channel has an opposite effect on the two reattachment lengths: increasing b, the first increases whereas the second decreases. The same tendency was found by Abbott and Kline (1962) . A re-analysis of their data leads to the following regressions for the "2D zone of separation" if the lateral expansion ratio ranges 0.25 and 2.00. The length of the shorter 2D zone of separation m 1 was found to be ≈3.5DB
; the lengths of the lower (subscript minimum) and upper (subscript maximum) bounds of Abbott and Kline (1962) 
Effect of dimensionless length
For each lateral expansion ratio, tests were conducted to investigate the effect of dimensionless length on the median reattachment length near the transition from asymmetric to symmetric flow patterns. All these tests were made for a velocity of ≈0.28 m/s and a flow depth of ≈0.200 m, with F ≈ 0.20, and dimensionless flow depths from ≈0.57 to 0.80. The effect of dimensionless length is shown in Fig. 6 by comparing dimensionless reattachment lengths obtained for "long" reservoirs and for the smallest lengths for which the flow pattern was asymmetric (referred to as "last"). For large lateral expansion ratios (1.23 and 4.38), the dimensionless median reattachment length slightly decreases by decreasing dimensionless length, as if the flow were longitudinally confined by the downstream reservoir walls. For an expansion ratio of 0.89, the dimensionless reattachment length was almost constant by decreasing dimensionless length. For 0.52, even if the 95% confidence intervals are partially overlapped (Dufresne 2009 ), the dimensionless median reattachment length is seen to slightly increase by decreasing dimensionless length. From Fig. 6 , it can be concluded that the "last" median reattachment length can be approximated as
Using Eq. (3) leads to a value of 2.74 m for the median reattachment length of the last asymmetric flow pattern (L ¼ 6.000 m, DB ¼ 1.875 m, b ¼ 0.250 m) as observed by Kantoush (2008) . This is consistent with the mean value that he extracted from his velocity data (≈2.65 m, Figure 4 .16 of his thesis). Effect of expansion ratio on first median reattachment length for "long" reservoirs and for "last" asymmetric flows 202 M. Dufresne et al. Journal of Hydraulic Research Vol. 48, No. 2 (2010) results of Kantoush (2008) , even if they were obtained for smaller dimensionless flow depths in the range of 0.11 -0.60, and F ¼ 0.10. The exponents of the shape parameter are identical to those of Eq. (3). A comparison between these two formulations highlights that the transition between asymmetric and symmetric flow patterns roughly occurs as the median reattachment length is half of the reservoir length.
Forecasting criteria
Conclusions
The objective of this work was to classify the flow patterns in rectangular shallow reservoirs. Four dimensionless parameters were considered: lateral expansion ratio, dimensionless length, dimensionless flow depth and Froude number. The flexibility of the experimental set-up enabled to easily change the reservoir length, its width and that of the inlet channel.
Four stable flow patterns were identified, from symmetric pattern without any reattachment point to asymmetric patterns with one reattachment point, two reattachment points, or two reattachment points and one detachment point. Near the transition between symmetric and asymmetric patterns, an unstable flow pattern was also identified. The median position and the variability of the reattachment lengths of asymmetric flows were measured for 40 geometric and hydraulic conditions, a useful database for further numerical modelling. The effects of dimensionless flow depth, Froude number, lateral expansion ratio and dimensionless length on the median reattachment lengths were analysed, and a number of regressions were proposed. For "high" dimensionless flow depths and a Froude number of 0.20, a shape parameter was proposed to predict the transition between symmetric and asymmetric flows.
Since the flow is the primary control on sedimentation, the present classification of flow patterns is useful knowledge to predict preferential regions of deposition. Further investigations are currently in progress to investigate the effect of flow pattern on the trapping efficiency. The authors question whether the relative inaccuracy of the current empirical methods is because the reservoir trapping efficiency does not account for the flow pattern. The present work will be useful for improving this aspect. to the first author. Finally, the second author acknowledges the Laboratory of Hydraulic Constructions, EPFL, Lausanne, 
